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Pure and 1-5mol% Ce-doped hierarchical flower-like In,O3 microspheres with uniform sizes were
synthesized via environment friendly one-step hydrothermal method. Their phase structures, morpholo-
gies properties and element composition were investigated by different kinds of techniques, including
X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and X-ray photoelectric
spectroscopy (XPS). Their gas-sensing properties were tests for several kinds of Volatile Organic Com-

g?_’:;g’;gz:m o pounds (VOCs). The results indicated that Ce doping could greatly improve sensing performances of In, 03
Hydrothermzal ? gas sensors. Among all the samples (0, 1, 3 and 5 mol% Ce-doped In,03), 3 mol% Ce-doped In, 05 exhibited

the highest response toward 200 ppm acetone at 250°C, having a response of 41.8, which was about 4
times higher than pure In,05. Furthermore, good repeatability and long term stability were achieved,

Hierarchical structures
Acetone sensor

showing its prospect for excellent acetone gas sensor with high performance.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

With the increasing attention on environmental protection and
citizen security, gas sensors with excellent performance are becom-
ing necessary. The occurrence of accidents or disasters could be
effectively prevented by detecting toxic and harmful, especially
those flammable and explosive gases [1-6]. So far, several kinds
of gas sensors have been studied based on different sensing mate-
rials. Among the sensors, the resistance-type gas sensors which
adopt metal oxide semiconductors (MOS) as gas sensing materi-
als hold a vital position due to their advantages of low cost, high
sensitivity, and simplicity of operation. The metal oxide semicon-
ductors, including In,05 [7,8] Zn0[9,10],Sn0, [11,12],NiO[13,14],
Fe;03[15,16]and WO3 [17,18]| have been widely investigated in the
past few decades. Among them, Indium oxide (In,03), an n-type
direct band semiconductor (Eg =2.8 eV), has been acknowledged as
a promising candidate for practical gas sensing application due to
its high conductivity and abundant defects both in the sensing body
and on the surface [19-21].
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As is well known, the reaction between the adsorbed oxygens
and the test gas moleculars on the surface of oxides can account
for the resistance change of the semiconductor oxide. Morphol-
ogy of sensing materials have an effect on surface active sites,
surface energy, band structure and gas diffusion, being an impor-
tant factor in improving the gas sensor properties [22]. Until now,
In, 03 nanostructures with various morphologies, such as nanopar-
ticals [23], nanowires [24], nanorods [25], nanosheets [26] and
nanospheres [27,28], have been fabricated with several physical
and chemical methods [29-35]. Among them, hierarchical flower-
like microspheres synthesized by one step hydrothermal method
have been demonstrated to have great potential in the application
of gas sensor due to their large surface-to-volume ratio, good sur-
face permeability, and high interfacial charge-transfer efficiency
[36,37].

Doping is also an effective approach to improve the gas sensing
performances. Rare-earth and transition metal oxides, have been
considered as effective dopants to improve gas-sensing properties
of semiconductor materials [38]. For example, Zhao et al. studied
the response to 1ppm nitrogen dioxide gas could be enhanced
up to 4 times via Fe-doped mesoporous In,03 gas sensor [39].
Hu et al. investigated the gas-sensing characteristics of Cu dop-
ing for In,03 hierarchical flowers, with a marked improvement
for 400-1800 ppb nitrogen dioxide [40]. In particular, CeO,, as
a dopant, could enhance gas-sensing properties by its outgoing
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oxygen storage capacity, rich oxygen vacancies, mending the mor-
phology, changing energy band structure and creating more active
adsorption sites [41,42]. Jiang et al. presented the properties of Ce-
doped SnO, thin films, which have good selectivity for butanone
[43]. Tothe best of our knowledge, there are few reports on acetone-
sensing properties of Ce-doped In,O3 microspheres.

In this paper, we systemically investigate the synthesis of
Ce-doped (0, 1, 3 and 5mol% Ce) hierarchical flower-like In,03
microspheres via one-step hydrothermal method and their gas sen-
sor properties. The results indicate that Ce doping can improve the
performance of In, O3 sensor. 3 mol% Ce-doped In, 03 microspheres
show excellent gas sensing response towards acetone at 250°C
in comparison with pure In,O3 microspheres. Meanwhile, the Ce
doped sensor exhibited a good repeatability and long term stabil-
ity. The gas sensing mechanism will be elucidated in the following
sections.

2. Experimental

2.1. Preparation of pure and Ce-doped hierarchical flower-like
In,03 microspheres

All of the chemical reagents involved in the experiment were
analytical grade used as received without further purification. Pur-
chased from Sinopharm Chemical Reagent Co. Ltd. InCl3-4H,0 and
Ce(NO3),-6H,0 were used as indium and Cerium sources, respec-
tively.

In a typical experiment process, 0.13g (0.45mmol) of
InCl3-4H,0, a certain amount of Ce(NO3)3-6H,0 (in a ratio of 1,
3 and 5 mol% respectively), 1.00g of urea and 0.13 g of sodium
dodecyl sulfate (SDS) were added to 40 mL water under vigorous
magnetically stirring for 60 min. Then, the homogeneous and trans-
parent solution was transferred into a Teflon-lined stainless-steel
autoclave, tightly sealed and maintained at 160°C for 3 h. After
being cooled to room temperature naturally, the white precipi-
tates were collected and washed by centrifugation with distilled
water and absolute alcohol for several times. The final products
were obtained after sintering the white powders at 500 °C for 2 h.

2.2. Characterization

The X-ray diffraction (XRD) patterns were recorded on a Rigaku
TTRIII X-ray diffractometer operated at 40kV and 200 mA using
Cu K radiation with a wavelength of 1.5406A. The field emis-
sion scanning electron microscopy (FESEM) images were obtained
using a JSM-7500F (JEOL) microscope with an operating voltage
of 15kV. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM), as well as
selected-area electron diffraction (SAED) patterns were recorded
on a JEM-2200FS instrument (JEOL) at an accelerating voltage of
200 kV. The energy dispersive X-ray spectroscopic (EDS) elemental
mapping was investigated by the TEM attachment. X-ray pho-
toelectron spectroscopy (XPS) experiments were recorded on an
ESCAlab 250 Analytical XPL Spectrometer with a monochromatic
Al Ko source.

2.3. Fabrication and measurement of gas sensor

The schematic of the fabricated gas sensor is shown in Fig. 1.
Its fabrication process was as follows: the as-prepared powder was
mixed with the deionized water to make a paste, then the paste was
coated onto an alumina tube (4 mm in length, 1.2 mm in external
diameter, and 0.8 mm in internal diameter, attached with a pair of
gold electrodes) to form a thick film. A Ni-Cr alloy coil served as a
heater, was inserted into the alumina tube, enabling us to control
the operating temperature of the sensor by adjusting the heating

current. The detailed fabrication process was described in our pre-
vious literature [44]. The gas sensing properties of the sensors were
measured by a static test system. First of all, the gas sensors were
placed in an airtight chamber purged with fresh air. Then a certain
volume of target gases was injected into the airtight chamber by a
micro injector in order to measure the sensing performance. When
the response run up to a constant value, the upper cover of the test
chamber was removed and the sensor began to recover in air. For
an oxidizing gas, the response of the sensor is defined as S=Rg/Ra.
For a reducing gas, the response was defined as S=R;/Rg. Ry and Rg
are the resistances of the sensor in air and target gas, respectively.
The response and recovery times are defined as the time taken by
the sensor to achieve 90% of the total resistance change in the case
of adsorption and desorption, respectively.

3. Results and discussion
3.1. Structural and morphological characteristics

The XRD patterns of the as-synthesized undoped and Ce-
doped In;03 samples are shown in Fig. 2. All of the diffraction
peaks can be indexed to cubic ferromanganese structure of In,03
(JCPDS 65-3170). No other peak corresponding to ceria or cerium
compound was observed in the XRD patterns of the doped nano-
materials. Besides, the diffraction peaks became broader with
increasing the Ce doping amount. The Scherrer formulaD=0.89 \/3
cos 6 is used to calculate the average crystallite size of the samples,
in which A is the X-ray wavelength (0.154056 nm), 3 is the peak
width at half maximum, and 0 is the Bragg diffraction angle. The
calculated values of 0%, 1 mol%, 3 mol%, 5 mol% Ce doped samples
areabout 12.9,11.8,11.1 and 10.5 nm, respectively, which indicates
that cerium doping can effectively restrain grain growth. Moreover,
comparing the Ce-doped In,03 with pure In,03 angle shifts were
detected to the (440) and (622) peaks (shown in Fig. 2). This could
be ascribed to the difference between the radii of In and Ce ions.
The radius of an Ce ion is larger than that of In ion, (Ce**:0.92 A,
Ce3*:103.4 A, In3*:0.81 A). Therefore, the substitution of Ce ions for
In ions induced the angle shift of diffraction peaks towards smaller
angles, further confirming that Ce ions are incorporated into the
In, 05 lattice.

The morphologies and microstructures of the obtained In,03
can be observed from FESEM images (shown in Fig. 3a-d). All the
samples exhibit flower- like structures. As seen from the SEM image
of Fig. 3a, the undoped In,03 samples exhibit homogenous hierar-
chical flower-like microspheres with the diameter of about 3 pm.
The inset of Fig. 3a showed these flower-like hierarchical structures
are composed of a lot of small nanosheets. For the doped samples,
with the increase of doping amount, the average sizes of the flower-
like spheres were also decrease, the boundaries of as-prepared
In, 03 microstructures gradually become more and more uncon-
spicuous, which probably resulted from suppressed grain boundary
migration and increased the energy barrier for grain growth.

TEM and HRTEM were employed to further investigate the struc-
tural features of the Ce-doped In,03; sample. Fig. 4a shows the
TEM image of a 3.0 mol% Ce-doped In,03 hierarchical flower-like
microsphere. The inset of Fig. 4ais the selected area electron diffrac-
tion pattern, in which a series of diffraction rings can be clearly
observed. It shows that these In,03 microspheres are polycrys-
talline in nature. The high-magnification TEM (HMTEM; Fig. 4b)
images the In,03 microspheres are made up of numerous nanorods.
The inseted patterns shows the average distance between adjacent
lattice fringes is 0.292 nm, corrsponding to the (222) planes of cubic
In;03. On the whole, the In,03 nanorods which aggregate into
In,03 building blocks are formed by nanocrystallites. The energy
dispersive X-ray spectroscopic (EDS) elemental mapping images
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Fig 1. Schematic diagram of the gas sensor.

(Fig. 4c-e) confirms the composition of the product and the spa-
tial distribution of the elements. Evidently, In and O signals were
detected as a flower-like microspheres structure. And Ce signals
were detected in the whole spherical region, which revealed the
uniform distributions of Ce element over the whole hierarchical
flower-like microspheres.

XPS (shown in Fig. 5a-d) was investigated to demonstrate the
surface elemental compositions and their chemical status of the as
prepared 3 mol% Ce-doped In,03; microspheres. From its XPS sur-
vey spectrum (shown in Fig. 5a), the characteristic peaks of In, O,
C, and Ce can be clearly observed. The adventitious carbon 1s peak
at 284.74 eV was used for calibration the binding energy. Fig. 5b-d
show the high resolution scans of In 3d, Ce 3d, and O 1s, respec-
tively. The In 3d spectrum (shown in Fig. 5b) has two strong peaks
at binding energy of 444.50 and 452.18 eV. They can be respectively
indexed to the characteristic spin-orbit split states of In 3d5, and
In 3d3),, indicating a In oxidation state of +3. The XPS spectrum of
Ce 3d electrons (displayed in Fig. 5¢) can be devided into several
Gaussian peaks). In this figure, the peaks at 881.97, 883.02, 887.89,

900.79, 907.52 and 916.49 eV are attributed to Ce**, while 884.62,
898.24 and 903.53 eV are the characteristic peaks of Ce3* ions. This
confirms that Ce** and Ce3* coexist in the lattice. The content of
Ce** (1.512%) was higher than that of Ce3* (0.728%). The O 1s peak
is asymmetric and could be fitted into three Gaussian components
located at 529.94, 530.60 and 531.94 eV in Fig. 5d. respectively. The
Ol component is attributed to the lattice oxygen species, the mid-
dle of the three peaks was Ov component is associated with oxygen
vacancy and the Ocis ascribed to chemisorbed oxygen in the surface
of In, O3. The analysis result about O 1s spectrum for pure In,03 is
similar without marked difference.

3.2. Gas-sensing properties

In order to illuminate that the doping of Ce into In,Os3
microstructures is an effective way to improve the device of the
In,03-based gas sensor, the gas sensing characteristics of the sen-
sors based on pure and Ce doped amounts of In,03 flower-like
microspheres were evaluated to illuminate the effect of Ce dop-
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Fig. 2. (a) XRD patterns of flower-like Ce-doped In,03; microspheres with different molar ratios, (b) Comparison of (440) and (622) peaks from XRD patterns.

ing. The operating temperature and the amount of doping play
important roles in the gas sensing properties for metal oxide semi-
conductor gas sensor. Fig. 6a shows their gas response to 100 ppm
acetone measured at different operating temperatures. For all the
samples, the responses of the sensors initially increase with the
operating temperature, which may attribute to the gas molecule
could overcome the activation energy barrier of the surface reac-
tion with the increased temperature. Obviously, all samples have
a common optimum operating temperature at 250°C. After the
maximal response value, the response decreased with ulteriorly
increasing the operating temperature. The major cause might be
that the adsorption ability of target gas molecules was lower than
that of desorption at high temperature, which resulted in reduced
amounts of test molecules involved in the surface reaction. Further-
more, the sensing performances of all the samples are compared.
The sensor based on the pure In,03 has a maximum sensitivity
of 6.3-100 ppm acetone, while the sensors based on the Ce-doped
In,03 showed greatly enhanced responses of 17.8, 27.5, and 22.6

for the Ce doping amounts of 1.0 mol%, 3.0 mol%, and 5.0 mol%,
respectively. Thus, 3.0 mol% Ce-doped In,03 exhibited the high-
est response to 100 ppm acetone, 4.3 times higher than that of the
undoped In;03. The particular reasons for it could be clarified as
following. XRD patterns indicated Ce ions could enter In,03 lat-
tice. But as suggested by Noboru Yamazoe’s work [45], in addition
to the crystal lattices, Ce** ions are also prone to located at grain
boundary because of the different ion valence states and ion radii
between Ce** and In3* ions, Therefore, Ce doping could effectively
suppress the In, O3 grain growth and grain size decreased with the
Ce** doping. In,03 nanoparticals with small grain size could expose
more sensitive sites, which was very helpful to improve the sen-
sitivity. However, when the doping mount was large, the excess
Ce ions could occupy the active sites on the surface of flower-like
In, 03 microspheres, which is disadvantageous for the gas adsorp-
tion. Considering the above two effects, the highest response could
be obtained at the optimum doping concentration of 3%.
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Fig. 4. (a) TEM images patterns of the 3.0 mol% Ce-doped In,03; samples. The insets are selected area election diffraction (SAED) patterns. And (b) is the HRTEM images of

selected areas. (c)-(e) are EDS elemental maps.

The responses of pure In,03 and 3 mol% Ce-doped In,03 under
different concentrations of acetone from 10 to 1000 ppm at 250°C
were revealed in Fig. 6b. Obviously, the Ce doped sample has higher
sensitivity than the undoped one. Moreover, the responses are
almost linearly proportional to the gas concentration in the range
from 10 ppm to 200 ppm for these two sensors. At higher gas con-
centration, the responds are almost saturated, implying that nearly
all the active sites take part in the surface reaction. Interestingly,
the saturation concentrations of detected target gas are almost the

same. It is deduced that these two samples have the same amounts
of active sites for the surfaces. This is consisted with the XPS results
about O 1s spectrum.

Subsequently, the gas response of pure and 3 mol% Ce-doped
In, 03 sensors to a wide range of VOCs were tested at 250 °C. Fig. 6¢
plots their sensitivities to eight kinds of gases, including acetone,
ethanol, isopropanol, methanol, formaldehyde, xylene, toluene and
benzene. As shown in Fig. 6¢, the 3 mol% Ce-doped In;O3 sam-
ples display enhanced responses for most target gases compared
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Fig. 5. XPS spectra of the 3.0 mol% Ce-doped In;03 hierarchical flower-like microspheres: (a) a survey scan, (b) In 3d, (c) Ce 3d, (d) O 1s.

to the pure In;03. Moreover, its response to 200 ppm acetone is
the highest (Ra/Rg=41.8), 4.3 times higher than that of pure In,03
to acetone.

The response-recovery behavior is also a crucial characteristic in
area-time gas monitoring process. The response and recovery tran-
sients of the sensor based on pure and 3.0 mol% Ce-doped In,03 to
200 ppm acetone at the optimal operating temperature of 250°C
are presented in Fig. 7a. It is fairly visualized that the response time
and recovery time of the sensor based on the 3.0 mol% Ce-doped
sample were shorter than the undoped sample. The response and
recovery times of 3.0 mol% are about 2 and 154s, respectively, the
counterparts for undoped sample is 5 and 182s. Hence, Ce dop-
ing can speed up the response and recovery rate. This has been
confirmed by Song’s work, which studied acetone sensing proper-
ties of Ce-doped SnO; hollow spheres [46]. The response was also
detected for four reversible cycles, which is shown in Fig. 7b. There
isno clear floating inresponses during the periods of cycle measure-
ment to 200 ppm acetone at 250 °C, indicating its good repeatability
and stability of the 3 mol% Ce-doped In,03 sensor. Its long term
stability of 3 mol% Ce-doped In,03 sensor to 200 ppm acetone was
tested under the optimum conditions for one month. As shown in
Fig. 7c, the response values just fluctuated 5% around 41.8. There-
fore, an excellent stability of acetone sensors based on Ce-doped
In, 03 flower-like microspheres could be obtained and its eminent
gas sensing characteristic might make it particularly attractive as a
promising practical sensor.

3.3. Mechanism of the enhanced gas sensing performance

The sensing mechanism of metal oxides gas sensors has been
clarified in previous works [47,48]. The most widely accepted the-
ory is based on the change in the electrical conductivity caused by
the interactions between the surface chemisorbed oxygen species
and target gases. It is well known that indium oxide is a typical
n-type metal oxide semiconductor. When the sensor is exposed

to air, a large number of oxygen molecules can be adsorbed on
the In,03 surface, then may capture free electrons from the con-
duction band to form chemisorbed oxygen ions, such as 0,7,0 —,
02-. Meanwhile, the formed depleting layer on the surface of the
sensing materials results in the increased material resistance. The
decrease of the electron concentration in the conduction band leads
to high resistance. This progress can be expressed as the following
reactions:

(1)

O2(gas) = O2(ads)

Oz(ads) +e — Og(ads) (2)

O3tads) + € = 20045, (3)
_ _ 2

O(ads) +e - O(ads) (4)

When reducing gas (e.g. acetone) is present, they can react with
the chemisorbed oxygen ions absorbed on the In,05 surface and
release the trapped electrons back to the conduction band of In, 03,
resulting in the decrease in the sensor resistance [49]. The reaction
process is as follows:

CH3COCH;3 + 80

— 3C0; +3H,0 + 8e~ (5)

The enhancement of the gas response of the sensor based on the
Ce-doped In, 03 hierarchical flower-like microspheres are likely to
be attribute to the changes in crystallite size, carrier concentration
and specific surface area. The above results of XRD, Ce doping leads
to a decrease in the average grain size, Small grain size means that
large specific surface area, more active sites for surface reaction and
large response The carrier concentration maybe another key factor
for the improved sensitivity. According to the research of Kim ea.
al [50], the gas response can be written as follows:

_Ra_ng_na-i-Vn_

+Vn
TRy ma na

Na

Sa 1 (6)
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Where Ra and Rg are the resistances in air and target gas, ng and na,
are the electron concentration in target gas and airand Vn=ng — n,
is the variation of electron concentration when exposed to target
gas. Our result showed that the resistance of Ce doping samples
was larger than that of the pure In,O3. For example, the resistances
of pure and 3.0 mol% Ce-doped In;03 are 450 ohm and 3000 ohm,
respectively. It could be attributed to two reasons. First, one Ce**
ion can capture one electron and convert into Ce3*, which reduces
the electron concentration. Second, Ce*" with the large radius
may change the energy structure, resulting in the lowered carrier
amount. From Eq. (6), the lower electronic concentration is, the
higher sensitivity for the reducing gas can be. The increased resis-
tance in the Ce doped In, 05 is helpful to improve the respond for
the acetone. The hierarchical morphologies of gas sensor may play
a significant role in improving the gas sensor properties due to the
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abundant framework of gas diffusion and the chemical absorption
as well as reaction on the surface of the In,03 [51]. In this work,
the hierarchical structure of In,0O3 nanostructures with excellent
porosity structure and large specific surface area enhance the dif-
fusion of acetone and offer abundant active sites for chemisorption
and reactions of acetone, which leaded to accelerate diffusion rate
of acetone vapour and faster response and recovery speed. The
more detailed reason and qualitative explanation need further
investigation.

4. Conclusion

In summary, we successfully synthesized the pure and Ce-doped
flower-like In, O3 with well-dispersed hierarchical microstructures
and uniform sizes by the facile hydrothermal route. The results
of gas sensing measurement indicated that the sensor based on
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the 3.0 mol% Ce-doped In,03 has the significantly enhanced gas
response to acetone compared with that of the undoped, 1.0 mol%,
and 5.0 mol% Ce-doped In,03. The changes in crystallite size, car-
rier concentration and specific surface area caused by Ce doping
could beresponsible for the improvement of the sensing properties.
Hence, we can confirm that the doping of Ce-doped hierarchical
flower-like In, 03 microspheres is a promising strategy for improv-
ing the gas sensing performance of the In,03-based gas sensor.
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